Bacterial chromosome organization II: few special cross-links, cell
  confinement, and molecular crowders play the pivotal roles by Agarwal, Tejal et al.
ar
X
iv
:1
80
8.
09
40
0v
1 
 [c
on
d-
ma
t.s
of
t] 
 28
 A
ug
 20
18
Bacterial chromosome organization II: few special cross-links, cell confinement, and
molecular crowders play the pivotal roles.
Tejal Agarwal1,∗ G.P. Manjunath 2, Farhat Habib3, and Apratim Chatterji1,4†
1 IISER-Pune, Dr. Homi Bhabha Road, Pune-411008, India.
2 Department of Biochemistry and Molecular Pharmacology,
NYU Langone Medical Center, New York, NY 10016, USA.
3 Inmobi - Cessna Business Park, Outer Ring Road, Bangalore-560103, India.
4 Center for Energy Science, IISER-Pune, Dr. Homi Bhabha Road, Pune-411008, India.
(Dated: August 29, 2018)
Using a bead-spring model of bacterial DNA polymers of C. crescentus and E. coli we show that
just 33 and 38 effective cross-links at special positions along the chain contour of the DNA can lead
to the large-scale organization of the DNA polymer, where confinement effects of the cell walls play
a key role in the organization. The positions of the 33 cross-links along the chain contour are chosen
from the contact map data of C. crescentus. We represent 1000 base pairs as a coarse-grained
monomer in our bead-spring flexible ring polymer model of the DNA. Thus a 4017 beads on a
flexible ring polymer represents the C. crescentus DNA with 4017 kilo-base pairs. Choosing suitable
parameters from our preceding study, we also incorporate the role of molecular crowders and the
ability of the chain to release topological constraints. We validate our prediction of the organization
of the C. crescentus with available experimental contact map data and also give a prediction of
the approximate positions of different segments within the cell in 3D. For the E. coli chromosome
with 4.6 million base pairs, we need around 38 effective cross-links with cylindrical confinement to
organize the chromosome. We also predict the 3D organization of the E. coli chromosome segments
within the cylinder which represents the cell wall.
I. INTRODUCTION
In the last few decades there has been a lot of interest
to understand the emergent organization of the chromo-
somes at micron length scales starting from length scales
of 30nm fiber or higher [1–9]. In our previous papers
[10, 11], we studied models of the bacterial DNA-polymer
with cross-links (CLs) at very specific positions, but with-
out considering confinements effects due to the cell wall.
We chose the specific monomer pairs which constitute the
cross-links from the Hi-C contact map of bacteria C. cres-
centus and E. coli [1, 9]. We showed that very few cross-
links (less than 3% of the chain monomers) could give
an average structure to the DNA polymer. The CLs may
mimic the effect of DNA-binding proteins which bind two
different specific segments of the DNA chain together.
In the paper just preceding this, we reported the im-
portant roles that molecular crowders and the release of
topological constraints play in the organization of the
model chromosome of bacteria C. crescentus (and E. coli)
with CLs at specific positions along the chain [12]. Using
Monte-Carlo (MC) simulations of the polymer with cross-
links (CLs) at very specific positions we showed that the
release of topological constraints is essential for the poly-
mer to reach a unique and specific structure. We con-
trolled the relative ease with which a chain could release
the topological constraints by taking different values of
monomer diameter. We also showed that the crowding
environment of the bacterial chromosome could also help
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in the organization of the polymer. We did not model the
effect of crowding environment by taking additional par-
ticles as done in several previous studies [13–15], but in-
troduce the weak attraction (= 0.3kBT , the thermal en-
ergy) between the monomers of the model DNA-polymer
to model the role of crowders. The small attraction be-
tween the monomers of the polymer mimics the role of
molecular crowders as it has been reported in the pre-
vious studies that the crowding environment in the cy-
toplasm of the cell increases the effective attraction be-
tween the different DNA segments [5, 13, 14].
There are many previous studies which focus on the
organization and dynamics of the polymer under the dif-
ferent shapes of confinement [1, 2, 16–27]. It is argued in
several studies that the confinement plays a crucial role in
the organization of the chromosomes in bacteria as well as
in the higher organisms [2, 17]. In the higher organisms
the chromosomes are confined by the spherically shaped
nucleus membrane and in rod shape bacteria chromo-
somes are confined within the capsule shape cell mem-
brane. In a recent study of polymers under spherical con-
finement it has been shown that the confinement slows
down the dynamics of the polymers (glassy-dynamics)
and the glassy dynamics helps in the segregation of the
chromosomes in the nucleus for the human chromosomes
[19]. Other studies on bacterial chromosomes organiza-
tion took the cylindrical confinement of the cell into ac-
count and showed that the chromosome is arranged in
a bottle-brush like structure with several loops emanat-
ing from the central backbone, and the backbone is ar-
ranged parallel to the length of the cylinder [1, 20]. In
another separate study of bottle-brush polymer (back-
bone and side-loops), it is reported that the backbone
2attains the helical structure spontaneously when confined
to the small cylindrical volume and this structure is main-
tained for the different aspect ratio of the cylinder for
high packing fractions [21]. Several researchers have also
reported the dynamics of the polymer under cylindrical
confinement for various aspect ratios [2, 13, 22]. In these
papers, it is pointed that in the presence of cylindrical
confinement the segregation of the two ring polymers is
entropically driven. Keeping such studies in mind, we ex-
pect that confinement constraint could play a pivotal role
in modifying the 3D organization of the DNA-polymers
of C. crescentus and E. coli. The presence of cylindrical
cell walls can modify the spherical globule organization
of DNA-polymer that we have obtained in our previous
studies.
Hence, in this paper we focus on investigating the role
of cylindrical confinement of the cell wall on the orga-
nization of the DNA polymer, in addition to the contri-
butions from (a) DNA-binding proteins at specific posi-
tions (modeled by specific CLs from experimental contact
map), (b) molecular crowders (modeled by weak attrac-
tion between the monomers) and (c) the release of topo-
logical constraints (modeled by small monomer bead di-
ameter). We assume that the shape of the cell to be a
cylinder and neglect the effect of spheroidal end caps. As
before, we use equilibrium statistical mechanics (Monte
Carlo simulations: Metropolis algorithm with the Boltz-
mann distribution of energy) and bead-spring model of a
flexible polymer to study DNA-organization, though we
are aware of the fact that a living cell is a non-equilibrium
driven system. The assumption of a flexible polymer is
tenable, as we are looking at coarse-grained picture of
the chromosome, and our one monomer represents 1000
base pairs. In the present investigation, we give detailed
step by step calculations and develop understanding of
the emergence of organization of DNA of C. crescentus in
the presence of confinement. At the end, we give our pre-
diction of the organization of C. crescentus using nearly
half the number of CLs than we what used in [10]. We
also now have a better match of predicted simulation
contact-map with the coarse-grained experimental con-
tact map that we had previously used as a validation of
our prediction in [10].
We use the same simulation protocols to predict the
organization of E. coli, where we also point a crucial dif-
ference in the protocol we followed. The difference in the
protocol to obtain the results for E. coli lies primarily
due to the fact that for C. crescentus the ori is observed
to remain tethered at one end of the cylinder, whereas
there is no such constraint for the ori of bacteria E. coli.
The predicted 3D organization presented in this paper is
consistent with our previous prediction of the 2D organi-
zation of E. coli (without confinement) given in [10, 11].
The organization of the manuscript is as follows: we
first describe our model and simulation methods for the
polymer with the various number of CLs under cylin-
drical confinement, where we primarily discuss details of
modeling confinement. The other aspects of the model-
ing are very similar to what is described in the preceding
paper; here we briefly mention some aspects for the sake
of completeness. Next, we present our results in the Re-
sults sections. In the end, we give our prediction of the
organization for the chromosomes of the 2 bacteria, and
finally, conclude with the discussion section.
II. MODEL AND METHODS
We model the circular chromosome of bacteria C. cres-
centus and E. coli as a coarse-grained bead-spring ring
polymer (4017 and 4642 monomers) with the specific
cross-links, whose positions along the chain contour are
chosen from the experimental contact maps as previously.
For the detail refer [10–12]. The nearest neighboring
monomers along the chain interact by the harmonic po-
tential of spring constant κ = 200kBT/a
2, where a is the
bond length; and a = 1 and kBT = 1 set the length
and time scales for our simulations. We also model the
excluded volume interaction between the monomers by
suitably shifted Lennard Jones potential with a cutoff
at rc = 2
1/6σ. Here σ corresponds to the bead diame-
ter, and we have set the value of σ = 0.2a to allow the
chain crossings. In the preceding paper, we have shown
that for σ = 0.2a the equilibrium organization of the ring
polymer with CLs starting from very different initial con-
ditions remains the same, within statistical fluctuations
[12]: the calculation of the Pearson correlations to com-
pare the equilibrium organization of the polymers from
MC runs starting from independent initial conditions give
high values close to 1. The monomers which constitute
the CLs are held together at a distance of a by the har-
monic potential with spring constant κc = 200kBT/a
2.
To fix the degree and shape of confinement in our
model, we take the help of previous experimental ob-
servations. It is known that the bacteria C. crescentus
has a capsule-like shape. We approximate the capsule
shape to be a cylinder for the sake of simplicity, and
the DNA polymer is confined within a cylinder of as-
pect ratio (diameter: length) ≈ 1 : 7.5 with planar ends.
We intentionally chose a longer aspect ratio than the ex-
pected 1 : 5 to check whether the final organization ends
up in a configuration with a ratio closer to 1 : 5; and
indeed it does. Moreover, it has already been suggested
previously [1] that the C. crescentus DNA could have
a bottle brush structure with plectonemes (super-coiled
segments of the DNA) emanating out in different direc-
tions from a central backbone. It is strongly believed that
plectonemes play a significant role in DNA organization
at large length scales [1, 5]. Though we do not explic-
itly consider plectonemes in our model, the CLs that we
use from the experimental contact maps may incorporate
the effect of plectonemes. This is because the DNA seg-
ments within plectonemes which are in spatial proximity
in the 3D space will be reflected in the experimental con-
tact maps. Experimentally, it is known that the average
length of the plectoneme segment is 10 − 15 kilo-BP [1]
3which is up to 15 monomers in our model. Since a plec-
toneme is coiled on itself, the maximum spatial length of
a plectoneme can be ∼ 7a in our model units. We take 7a
to be the radius of the cylinder; diameter D = 14a allows
two plectonemes to be radially opposite to each other in
the cylinder. The length of our confining cylinder was
then fixed at 108a to maintain the given aspect ratio.
In our previous works, we started our Monte-Carlo sim-
ulations of polymer with CLs from specially designed 9
independent initial conditions without any confinement.
But in the presence of confinement, we cannot start the
simulation with the same initial conditions as we used
before, as those initial configuration will violate the con-
straint of the confinement. Further, if we start our sim-
ulation with the random initial configuration of the ring
polymer and with the BC-2 set of CLs with 153 CLs,
the polymer forms a blob at the center of the cylinder,
and the polymer will be unable to relax. Hence, to sys-
tematically investigate the role of confinement, we first
start with a ring polymer (without CLs) in the cylinder
and then observe how entropy makes the polymer spread
out. We have 12 different initial conditions, described
later. Further, it is known for bacteria C. crescentus that
the DNA segment where the replication starts (origin of
replication termed as ori) is attached to one end of the
cylinder. We incorporate this constraint at this stage by
attaching the monomer which we have given the index 1,
to one pole of the cylinder (see Fig. 1). The positions
of the first monomer remain unchanged throughout the
simulation. We first observe the organization of the ring
polymer (without CLs) which is confined within a cylin-
der with the first monomer tethered at one pole of the
cylinder.
In the second part of our study, we introduce the CLs
at specific positions to this spread-out configuration of
the polymer, allow the system to relax and reach equilib-
rium and carry out further analysis at the second stage
of our computations.The effect of CLs are added in the
model by introducing a quadratic spring potential be-
tween a specific pair of monomers with very low strength,
and then slowly increase the strength as we allow the sys-
tem to relax. At the end of this step, even if two cross-
linked monomers are far away in space in the initial start-
ing configuration, they come close to each other at the
end of equilibration and thereafter maintain a distance
of a. The cross-linked monomers drag the adjacent seg-
ments along with them. However, confinement already
restricts the possible polymer configurations in the 3D
space. Hence instead of 153 CLs (BC-2 CL-set in [10])
for bacteria C. crescentus, we just add 60 and 49 num-
ber of CLs at specific locations along the chain; we refer
these as BC
′
and BC-1 set of CLs. The list of CLs corre-
sponding to the BC
′
and BC−1 CL set for the bacterial
chromosome of C. crescentus (and E. coli) are given in
the table S1 of supplementary section of this paper. We
choose the number of CLs as per our experience gained
with our previous systematic studies, where we checked
for the minimal number of CLs required to organize the
polymer into a particular structure. The minimal num-
ber of CLs which were required to obtain organization
in the DNA ring polymers without confinement were 159
and 153 CLs for E. coli and C. crescentus, respectively
[10, 11]. These correspond to 82 and 60 effective CLs,
respectively, and we refer to that set as BC-2 set of CLs.
For the present study, the BC
′
set of CLs are chosen
by setting a suitably high frequency-cutoff (of the two
segments to be in found in the spatial proximity) in the
contact map. These 60, 49 CLs correspond to 33 and 26
effective CLs [28] and we refer to them as the BC
′
and
BC-1 set of CLs for C. crscentus, respectively. The 49
CLs in the BC-1 CL set are same as the CLs which were
taken in our previous work in the absence of confinement
[10], and then we did not observe any large-scale organi-
zation. Also, note that one CL-set is the subset of the
other, i.e., BC
′
CL set has all the cross-links that are
present in BC-1 set in addition to some extra CLs. Also,
for our studies with E. coli, we have used 77 CLs (which
is 38 effective CLs) to obtain the 3d-organization of the
chromosome. Note again that the 77 CLs are signifi-
cantly lesser compared to the 159 CLs which we use in
our study of bacteria E. coli [11]. The details of the equi-
libration and the design of initial conditions are given in
the Results section.
In the third and last part of our study of DNA-polymer
with confinement, we added a weak Lennard Jones at-
traction acting between all the monomers and compared
the organization in the presence and absence of attrac-
tion. The attraction between the monomers mimics the
effect of molecular crowding. In the absence of attrac-
tion, we just have the WCA (Weeks Chandler Ander-
son) potential acting between the monomers, whereas,
we model the weak attraction between monomers using
the Lennard Jones potential (V = 4ǫ
[
(σ/r)12 − (σ/r)6
]
)
with the cutoff of the potential at 3σ. Here, the param-
eter ǫ determine the strength of attraction between the
monomers which we chose as ǫ = 0.3kBT . Our choice of
the value of attraction strength parameter ǫ is based on
our study of the organization of the DNA ring-polymer
with CLs for different values of the parameter ǫ, but with-
out incorporating the confinement effects in [12]. We
found that for the value of the parameter ǫ = 0.3kBT
the positional correlation colormaps of different segments
of the polymer from the 9 independent runs match with
each other with a very high value of Pearson correlation
coefficient.
III. RESULTS
We study the effect of cylindrical confinement in the
organization of DNA ring polymer for the bacteria C.
crescentus. For this, we start our MC simulations from
12 different independent initial conditions. We generate
the 12 initial conditions as follows. First, we keep all the
monomers in two different arrangements inside a cylin-
der of length 108a and diameter 14a as shown in the Fig.
41. The two neighboring monomers along the chain con-
tour remain at a distance a from each other in the two
arrangements. The spring interaction between the CL
monomers is kept switched off. We keep the position of
the first monomer of the chain fixed at one end of the
cylinder since in bacteria C. crescentus the ori (origin of
replication) is tethered at the boundary of the cylinder by
suitable proteins, as is known from the experiments [1].
In the generated initial configurations, the last monomer
is not placed adjacent to the first monomer in both
the cases, though for a ring polymer the first and last
monomers should be at a distance of a. Next, we switch
on the only repulsive part of the Lennard Jones poten-
tial (with a cutoff at 21/6σ and suitably shifted) between
all the monomers, except the nearest neighbors along the
chain contour. We evolve the system using Monte-Carlo
simulations for 106 MCS. To equilibrate the system we
use following strategy: Initially we take a small value of
spring constant between the first and the last monomer,
i.e., 0.2kBT/a
2 but keep the value of spring constant of
the other springs (connecting the nearest neighbors along
the contour) to be fixed at 200kBT/a
2. We increase the
value of the spring constant between the first and last
monomer by 0.2kBT/a
2 after every 1000 MCS. After 106
MCS, the spring constant will have the value 200kBT/a
2
similar to the spring constant for nearest neighbors along
the contour of the chain.
To generate 12 different initial conditions, we do the
following. Starting from the configuration at the end of
106 MCS, we again equilibrate the system for a further
5 × 106 MCS with 6 different random number seeds for
each of the two configurations. After 5×106 MCS we get
12 independent configurations of the ring polymer inside
the cylinder, which we use as the initial conditions for
the next set of runs from which we calculate statistically
averaged quantities to determine the organization of the
polymer. We use these 12 initial configurations as the
starting points for our studies of a confined ring poly-
mer for 3 cases: (a) ring polymer without CLs (b) ring
polymer with CLs (c) ring polymer with CLs and weak
attraction. Also, the first monomer (ori) is tethered at
the boundary of the cylinder throughout the simulations
and in all the independent runs for the model chromo-
some of bacteria C. crescentus.
To ensure that the configurations we obtain after
5× 106 MCS, are independent of each other we calculate
the longest relaxation time of the polymer [17] by calcu-
lating the autocorrelation function of the z-component of
the vectors connecting monomer pairs numbered 1 and
2008, 1004 and 3012, 2510 and 502, 1506 and 2514 in
4017 monomers chain in the presence of cylindrical con-
finement and with σ = 0.2a. The axis of the cylinder lies
along the z-axis. The autocorrelation function is calcu-
lated using the formula:
Cij(w − wo) =
〈(zij(w) − 〈zij〉)(zij(wo)− 〈zij〉)〉
〈(zij(w) − 〈zij〉)〉2
Where zij is the longitudinal component of the vector
joining ith and jth monomer. The average 〈..〉 is taken
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FIG. 1. The figure shows the 2 different initial arrangements
of the polymer inside the cylinder. The monomers are rep-
resented by the color according to their index in the contour
from blue to red. For better visualization we have only plot-
ted the positions of every 50th monomer. Thus the index 80
in the colorbar corresponds to the monomer numbered 4000.
The first monomer of the chain is colored black and marked
as ori.
over MCS. Then we calculate the average value of the
autocorrelation function of all the 4 vectors. The func-
tion Cij(w − wo) is plotted in the figure Fig. 2 versus
(w − wo). Each ∆w = 1 corresponds to 100 MCS, we
collect data after every 100 MCS. For a ring polymer, we
cannot calculate the standard end to end vector. Thus,
we chose the vectors between the monomers which are at
a maximum distance from each other along the chain con-
tour. We see from the graph that the correlation function
of the longitudinal component of vector decays exponen-
tially, and around w−wo = 2000 (i.e. 2× 10
5 MCS) the
value of Cij(w−wo) is 1/e of its initial value. Hence, we
can expect the configurations we get after 5 × 106 MCS
are independent of each other.
0 1 10
3
2 10
3
3 10
3
4 10
3
5 10
3
w -w
o
X10
2
 (MCS)
10
-1
10
0
c
(w
-w
o
)
Simulation data
Fitting
~exp
-0.00046(w-w
0
)
)( x 100 ( S)
FIG. 2. The plot shows the average correlation function of the
longitudinal component of the vector joining monomers num-
bered 1 & 2008, 1004 & 3012, 3012 & 502 and 1506 & 2514 for
a polymer with w −w0 in a semi-log plot. Each w represents
100 MCS. The red line corresponds to the exponential fitting
to the correlation function from the simulation.
Now using these initial conditions, we can calculate
the relevant statistical quantities to identify the organi-
zation of the DNA-ring polymer without any CLs. To ob-
5tain statistical averages, we further evolve the system for
29 × 106 MCS using Monte-Carlo simulations, but start
calculating the data statistical quantities after 5 × 106
MCS. Thus the data presented in Fig.3 and other data
for ring polymers without CLs is collected over 24× 106
MCS for each initial condition, where the data for aver-
aging is taken after every 2×105 MCS (since the polymer
relaxes in about 2× 105 MCS without CLs).
Starting from the above mentioned initial configura-
tions, we also introduce CLs to study the polymer con-
figurations with 49 no. of CLs (BC-1 CL-set) and 60
CLs (BC
′
CL set). In the 12 independent initial con-
ditions, the positions of the monomers which constitute
CLs can be greater than the bond-length a. Thus, we use
the same strategy as mentioned previously to relax the
system. Firstly, we take a small value of spring constant
κc = 0.2kBT/a
2 between the CL monomers and increase
the value by 0.2kBT in every 1000 MCS till it reaches
the κc = 200kBT/a
2. This will lead to the cross-linked
monomers to come near each other at the end of the
equilibration, without affecting the stability of the com-
putation. We then evolve the system for a further 5×106
MCS for equilibration and then start collecting data over
the next 2.4× 107 MCS to calculate the average statisti-
cal quantities. After that, we can compare the statistical
quantities amongst independent runs (with different ran-
dom number seeds for MC runs) starting from different
initial conditions, and for the polymer with the different
number of CLs.
Firstly, we estimate the spread of the polymer inside
the cylindrical confinement with and without CLs. For
this, we first calculate the moment of inertia tensor of the
polymer chain from its center of mass. Then we diago-
nalize the tensor to get the principal moments I1, I2, I3,
where I1 > I2 > I3. The ratio of the principal moments
I1 and I3 gives the idea about the asymmetry of the
polymer chain. Inside a cylinder, the chain is extended
along the length of the cylinder and will be squeezed in
the other directions. Hence the value of the ratio I1/I3
should be significantly greater than 1. If the ring poly-
mer is tethered at one end without any CLs, the poly-
mer should extend along the length of the cylinder to
maximize the entropy and the value of the ratio I1/I3
is expected to be very large. But in the presence of the
intra-chain cross-links, the polymer should have less ex-
tension along the length because more constraints (CLs)
lead to the compaction of the polymer. Thus, to get
the estimate of the asymmetry and compaction of ring
polymer along the direction of the cylinder’s length we
calculate the ratio I1/I3 for the three cases a) Ring poly-
mer with no cross-links. b) polymer with 47 CLs and c)
polymer with 60 CLs. The average values are given in the
table I where the average has been taken over the value
obtained from 12 independent initial conditions of the
polymer. From the table, we see that with the increase
in the number of CLs the value of I1/I3 decreases leading
to the compaction of the polymer along the longitudinal
direction of the cylinder, as expected. We also calculate
the asphericity, As = 0.5
[
3(I21 + I
2
2 + I
2
3 )
(I1 + I2 + I3)2
− 1
]
. The av-
erage values of As for three cases are given in table I. For
a perfect sphere(rod) the value of As = 0(1). From the
table, we see that as we increase the no. of CLs the value
of As decreases. This is because of the CLs compacts the
polymer extension in the longitudinal direction. But the
values of As and I1/I3 does not change as we increase
the no. of CLs from BC-1 to BC
′
.
No. of
CLs
No. of effective
CLs
I1/I3 As
0 0 50.38 0.23
49 26 14.50 0.20
60 33 13.89 0.19
TABLE I. The table shows the average value of the moment
of inertia ratio I1/I3 and the asphericity for a polymer with
the different number of CLs. The average is taken over the
configurations of polymer starting from 12 independent initial
conditions.
Further to understand the distribution of the
monomers inside the cylinder we calculate the number
density of monomers in radial and longitudinal directions
of the cylinder for the polymer with different number of
CLs. The average values of densities are shown in the
Fig. 3(a) and (b), where the average is taken over the
value obtained from the 12 independent initial conditions
and the error bars show the s.d. from the average value.
Different lines in the plot represent the number density
of the polymer with the different number of CLs. From
the plot, we see that the number density of monomers in
the radial direction does not change with the increase in
the number of CLs which suggests that the increase in
the number of CLs is not helping in the compaction of
the polymer in the radial direction. But we see that the
number density of monomers significantly change in the
longitudinal direction as we change the number of CLs.
In the absence of any CLs, the polymer extends with an
approximately uniform density of monomers along the
length of the cylinder. But as we increase the number of
CLs to 49 the density at the center increases and gives
a peak at the center of the cylinder. Further increasing
the number of CLs from 49 to 60 there is a slight in-
crease in the height of the peak. This suggests that the
increase in the number of CLs help in the compaction
of the polymer along the longitudinal direction while the
radial directions remain unaffected.
We can also see that the longitudinal number density
from l = 0 to l = 26 is very low, and the error bars are
relatively smaller for the polymer with CLs. To investi-
gate why this is the case, we plot the only the positions
of the CL monomers from the simulation, which is shown
in the Fig. 3(c). From the snapshot we see that the most
of the CLs are clustered around l = 50, thus giving a very
high value of density at l = 50. The number of monomers
which constitute the CLs are relatively less in the region
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FIG. 3. The figures (a) and (b) show the number density of
the monomers in the radial and longitudinal directions with
the distance. Different lines correspond to the polymers with
the different number of CLs. Error bars show the s.d. from
the average value across 12 independent initial conditions.
To get the radial number density, we calculate the number
of monomers present between the concentric cylindrical shell
(dr = 2a) from the axis of the cylinder and divide it by the
volume of the shell. The longitudinal number density repre-
sents the number of monomers within sections of the cylinder
with radii 7a and length 2a divided by the total volume of
the cylinder section. (c) Snapshot from the simulation shows
the position of the monomers which constitute the CLs. The
bounding box is given to read the positions of the CLs eas-
ily and does not represent the confinement geometry of the
polymer which is a cylinder.
l = 0 − 26 thus giving the value of number density and
error bars to be less in that region.
With this information, now we want to understand how
does the internal organization of the polymer change in
the presence of cylindrical confinement with zero CLs,
as well as with BC-1 and BC
′
set of CLs. For this, we
calculate the positional correlation of different segments
of the polymer with the different number of CLs. We
can estimate the positional correlation as the probability
of the CMs of the two segments (50 monomer in each
segment) to be within cutoff Rc. A ring polymer with
4017 monomers will have 80 segments. We chose the
value of cutoff Rc to be 5a which we estimate accord-
ing to the value of polymer’s Rg in the absence of con-
finement [12]. The positional correlations are shown in
Fig. 4 as two representative colormaps for two indepen-
dent runs. In the colormap, the x- and y-axis represent
the segment index, and the color signifies the calculated
probability. Bright color denotes the higher probability,
and dark color corresponds to the lower probability.
To explain the data of positional correlation of the col-
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FIG. 4. The colormaps show the probability of the CMs of
different segments of the polymer to be within a distance Rc <
5a in the absence of any cross-links. The two colormaps are for
the polymer starting with two different initial conditions, and
the probability is an average, calculated over 120 independent
snapshots over 2.4 × 107 MCS for each run.
ormaps for polymer without CLs, we define two parts of
the ring polymer as arm-1 and arm-2. The arm1 consists
of monomers numbered 1 to 2008, and arm2 consists of
monomer numbered 2009 to 4017. The colormap of Fig.
4 shows the positional correlation of the ring polymer
under cylindrical confinement without any CLs. In the
colormap of Fig. 4 we see the two diagonals. The main
diagonal (top-left of the figure to bottom-right) signifies
that the segments which are neighbors along the contour
of the chain are also spatially close to each other in the 3D
space. For, e.g., segment number 40 is close to segment
number 38, 39, 41, 42, etc. These correspond to the intra-
arm-interactions of the segments of arm-1. The presence
of other diagonal means that the monomers of arm-1 and
arm-2 are coming closer to each other. This suggests that
the two arms are arranged parallel to each other along
the long axis of the cylinder. These diagonals are also
present in the experimental contact map of the bacteria
C. crescentus and suggest that the two arms of the chro-
mosome are arranged parallel to each other in-vivo as was
also reported in previous study [1]. But by comparing the
simulation colormap with the experimental colormap, we
observe that the off-diagonal points which are present in
the experimental contact map, are missing in the simula-
tion colormap. Also, the colormaps from 12 independent
conditions do not match with each other as can be seen
from the two representative colormaps of Fig. 4. This
suggests that the confinement of the cell helps in arrang-
ing the two arms of the polymer to arrange parallel to
each other but does not organize the polymer completely
into a particular structure as different initial conditions
show the different positional correlation of the segments.
We next investigate how is cross-linking the specific
pairs of monomers help in the organization of the poly-
mer? Will be able to obtain off-diagonal bright pixels
in the positional correlation colormaps? And will the
positions of the bright pixels obtained from simulations
match with those observed in the (coarse-grained) exper-
imental contact maps? We reiterate that we cross-link
49 (BC-1 CL set) and 60 (BC
′
CL-set) pair of specific
monomers, which are 26 and 33 effective CLs, respec-
tively. Note, that the number of cross-links is signifi-
7cantly less than the number of CLs in BC-2 CL-set (153
CLs) which we used in our previous studies [10, 11] to
obtain the organization of DNA-polymer without con-
finement. The two representative colormaps using data
from two independent MC runs starting from different
initial conditions are shown in Fig. 5 and Fig. 6 for
BC-1 and BC
′
CL sets, respectively.
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FIG. 5. The colormaps show the probability p(i, j) of the CMs
of two different segments i, j of the polymer to be within a
distance Rc < 5a with BC-1 set of cross-links (49 CLs). The
two colormaps are for the polymer starting with two different
initial conditions.
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FIG. 6. The colormaps show the probability p(i, j) of the
CMs of two different segments i, j of the polymer to be within
a distance Rc < 5a with BC
′
set of cross-links (60 CLs).
The two colormaps are calculated from two independent MC
runs, starting with two different initial configurations of the
polymer.
From the figures, we see that in the colormap of the
polymer with BC-1 CL set we get the off-diagonals pix-
els as well as the bright diagonal pixels, which are also
present in the experimental contact map [10]. We also
quantify the number of bright pixels in the diagonals,
data for which is given later in this section. Also, the
colormaps from the 2 independent initial conditions look
statistically similar. We also check the colormaps from
12 initial conditions and all the colormaps look statis-
tically similar as the two in Fig. 5. But on increasing
the number of CLs from 49 to 60, we see that colormap
does not change significantly, though we, of course get
additional bright patches in the colormap. Hence, we
can claim that 60 CLs (33 effective CLs) can organize
the polymer into a particular structure. Also, note that
in the absence of confinement the colormaps were pre-
dominantly black with very less number of bright pixels
present in the colormap for BC-1 CL set [10, 11]. But
in the presence of confinement only 60 CLs are enough
to organize the polymer into a unique structure. We
check the colormaps from all the 12 independent initial
conditions and they all look statistically similar for the
polymer with both BC-1 and BC
′
CL set, relevant Pear-
son correlations quantifying the above claim is presented
at the end of this section.
Now we present our result for the polymer with BC
′
CL set, cylindrical confinement, but now also incorporat-
ing a small attraction between the monomers using the
LJ potential mentioned in the model section with the at-
traction strength parameter ǫ = 0.3kBT . Starting from
the 12 initial conditions for ring polymers without CLs,
we introduce the weak attraction at the same time as we
introduce the CLs. Before starting to collect data to cal-
culate the average of statistical quantities, we allow the
polymer to relax using the same protocol as described
before for the polymers with CLs, but without the weak
attraction.
As mentioned in the introduction, the small attraction
between the monomers incorporates the effect of molec-
ular crowding. The attraction between the monomers
should further help in the compaction of the polymer
chain. To check whether this is the case, first we calcu-
late the number density of the monomers in radial and
longitudinal directions and then we calculate the values
of the ratio of principal moment of inertia, I1/I3 and as-
phericity, As and compare it with the polymer with BC
′
CLs under confinement but no attraction between the
monomers. The no. densities in the radial and longitu-
dinal directions are shown in the Fig. 7. On comparing
the no. densities in Figs.3 and 7 (a) we see that the at-
traction between the monomers helps in the compaction
of the polymer in the radial directions as well. Note
that, on increasing the number of CLs the radial density
was not changing. But the small attraction between the
monomers helps the polymer to get compact in the radial
as well as in the longitudinal directions.
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FIG. 7. The plots (a) and (b) show the number density of the
monomers in the radial and longitudinal directions with the
distance in the presence of attraction between the monomers.
Error bars show the s.d. from the average value across 12
independent initial conditions.
Further, in the presence of attraction the average val-
ues of the ratio I1/I3 and As are 11.38 and 0.18 respec-
tively. On comparing with the values in table I for the
8polymer with BC
′
set of CLs, we see that the attraction
between the monomers indeed compact the polymer and
decreases its asphericity.
To investigate the internal organization of the polymer
in the presence of small attraction between monomers
with the value of parameter ǫ = 0.3kBT , we calculate
the positional correlation of different segments as before.
To estimate the value of Rc we take the help of our study
of the polymer with different attraction strength param-
eter ǫ, with BC-2 sets of CLs and without confinement.
The value was taken to be Rc = 4a. The positional cor-
relations are represented as a colormap in Fig. 8(Top).
The two colormaps correspond to the polymer starting
from the 2 independent initial conditions. From the col-
ormaps, we see that the two colormaps look statistically
similar. Also, the overall positional correlation in the col-
ormaps of Fig. 8 do not look significantly different from
the colormaps of the Fig. 6. But note that the cutoff
Rc we chose to calculate the positional correlation has
been decreased to 4a in this case, which was chosen to
be Rc = 5a to plot the colormap of Fig. 6. So, the small
attraction between the monomers leads to overall com-
paction of the polymer but does not change the internal
organization of the polymer significantly in the presence
of cylindrical confinement. Also, for the better visual-
ization of the off-diagonal and diagonal pixels in the top
two simulation colormaps of Fig. 8 we plot the diagonal
pixels with p > 0.05 and off-diagonal pixels with p > 0.5
separately in the bottom two figures of Fig. 8 in the bi-
nary form. On comparing the bottom two figures with
the experimental coarse-grained colormap of Fig. S1 we
see that the diagonal and off-diagonal pixels which are
present in the coarse-grained experimental contact map
are also present in the simulation colormap. We also
quantify the number of pixels along the Diagonal-2 later
in this section and compare it with the positional cor-
relation colormaps of polymer with the BC-2 set of CLs
and no confinement.
Next, we check for the statistical equivalence of orga-
nization obtained from 12 independent MC simulations
as observed in the colormaps. Thus, we calculate the av-
erage value of the Pearson correlation of the positional
correlation colormaps for the polymer (a) with no CLs (b)
with BC-1 set of CLs (c) with BC
′
set of CLs and (d)
with BC
′
set in the presence of small attraction between
the monomers . Corresponding to runs starting from the
12 initial conditions there will be 12C2 = 66 values of
Pearson correlation (pc) for each pair of graphs. We cal-
culate the average value of Pearson correlation 〈pc〉 for
each of the 4 different studies. The values of 〈pc〉 have
been listed in the table II. For details of the calculation
procedure of 〈pc〉, refer [12].
From the table II, we see that the value of Pearson
correlation increases as we increase the number of CLs.
We get the relatively higher value of 〈pc〉 if we introduce
the small attraction between the monomers.
Previously, we have mentioned that cylindrical confine-
ment helps in the parallel arrangement of two arms of the
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FIG. 8. The top two figures show the positional correlation
colormaps for the center of mass of different polymer segments
in the presence of small attraction between the monomers and
with BC
′
set of CLs. The value of the cutoff Rc to obtain the
colormap is set as Rc = 4a The two colormaps are from the
runs starting from two different initial conditions. The bot-
tom two figures: for aid visualization of the diagonal and off-
diagonal pixels we plot only the diagonal pixels with p > 0.05
of the positional correlation maps in the bottom left plot and
off-diagonal pixels with p > 0.5 in the bottom right plot in the
binary form in a binary black and white format. These can
now be easily compared with the coarse grained experimen-
tal contact map (refer supplementary section). The data to
generate the coarse grained experimental contact maps have
been downloaded from [1]
.
No. of
CLs
Monomer At-
traction
< pc >
0 absent 0.51
49 absent 0.54
60 absent 0.60
60 present 0.70
TABLE II. The table shows the average value of Pearson cor-
relation < pc > for polymer with different value of CLs and in
the presence and absence of attraction between the monomers.
Note, to calculate the value of pc for a pair of colormaps,
we consider only those pixels corresponding to segments i
and j, for the probability p(i, j) > 0.05 in at least one of
the colormaps from different runs. This is to avoid the bias
in calculating pc, from the large number of pixels which are
completely dark.
polymer and thus we get another diagonal (Diagonal-2)
in addition to the main diagonal (Diagonal-1) in the ex-
perimental contact-map of bacteria C. crescentus. In our
previous study of the DNA ring-polymer with BC-2 set
of CLs (159 number of CLs) and in the absence of the
confinement we did not obtain the bright pixels along
the Diagonal-2 as seen in the coarse-grained experimental
contact map of C. crescentus(See supplementary material
9FigS1) though there was a good match of the off-diagonal
points in the experimental and simulation contact maps
[10]. But in the current study, in the presence of confine-
ment, we see that the bright pixels are also present along
the Diagonal-2 in the colormaps of Fig. 8. To quantify
the presence of pixels along the Diagonal-2, we calculate
the number of bright pixels (nd) with p > 0.05, normal-
ized suitably along the Diagonal-2 which are present in
the colormap of Fig. 8 and compare it with the positional
correlation colormap of polymer with the BC-2 set of CLs
with no confinement in [10]. We choose the pixels along
the diagonal-2 such that it consists of 5 nearest neigh-
boring pixels (in the vertical and horizontal direction) of
a particular segment index in the simulation colormaps,
similar to the coarse-grained experimental contact map
in the Fig. S1 of the supplementary section. We find
that the average value of nd is significantly high, i.e.,
nd = 0.68 for the colormaps of Fig. 8 compared to the
relatively smaller value of nd equal to 0.44 in the col-
ormap of Fig. 2(a) in the [10].
In the figure 9, we also plot the positional correlation
colormaps corresponding to the model chromosome of
bacteria E. coli in the presence of small attraction be-
tween the monomers with strength ǫ = 0.3kBT using the
same procedure that was used to calculate the colormaps
of C. crescentus. The two colormaps are in Fig. 9 are
from the independent MC runs starting from the two dif-
ferent initial conditions. We again see that the colormaps
from independent runs look statistically similar to each
other and the average value of 〈pc〉 = 0.75 is relatively
high across independent runs starting from 12 initial con-
ditions. Also, on comparing the simulation colormaps of
9 with the experimental coarse-grained colormap of Fig.
S1 in the supplementary section, we see that all the pix-
els which are present in the experimental contact map
are also present in the colormaps obtained from our sim-
ulations. But note, now we have used fewer CLs (i.e.,
77 CLs, effectively 38 CLs) compared to the BC-2 set of
CLs (i.e., 159 CLs, effectively 82 CLs).
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FIG. 9. The figure show the positional correlation colormaps
for the center of mass of different polymer segments in the
presence of small attraction between the monomers and with
77 number of CLs taken from the contact map of bacteria E.
coli. The value of the cutoff Rc to obtain the colormap is set
as Rc = 4a. The two colormaps are from the runs starting
from two different initial conditions.
Now, to estimate the overall organization of the poly-
mer in the presence of CLs at specific positions, confine-
ment and the small attraction between the monomers
we calculate the radial and longitudinal distribution of
positions of the center of mass of different segments for
two bacterial chromosomes. Both the longitudinal and
radial distribution of positions of CMs of different seg-
ments is averaged over the runs starting from 12 inde-
pendent initial condition. The longitudinal distribution
of the positions of CMs of the segments is shown as the
colormap in Fig. 10 (a), (c) for C. crescentus and E.
coli ,respectively. The color shows the probability of the
z-component of a particular segment to be found in the
region numbered 1, 2.., 10 for C. crescentus or Left-R1,
Left-R2.. for E. coli. For the model chromosome of bac-
teria C. crescentus, we measure the position from the
location of monomer numbered 1, which is tethered at
one end of the cylinder. For the bacteria E. coli the ori
is not tethered at the boundary of the cylinder. Thus
we measure the longitudinal distribution of the segments
from the center of mass of the longitudinal component
(z-component).
In Fig. 10 (a) the x-axis represents the segment index,
and the y-axis represents the different regions numbered
1, 2, ..5 along the length of the cylinder starting from the
ori position. Each region corresponds to a length of l =
10a, i.e., Region1 corresponds to l = 0 − 10a, Region2
corresponds to l = 20a − 30a and so on. In Fig. 10(c)
x-axis shows the segment index i = 1− 80 and the y-axis
represents the different regions measured from the center
of mass of the polymer. The region left-R1 correspond
to the region at a value of z-component between 0 and
−10, the region right-R1 represents the region at a value
of z-component between 0 and +10 from the center of
mass.
For the radial distribution, we define three regions in-
ner (r ≤ 2a), middle (2a < r ≤ 4)and outer (r > 4a)
from the the axis of the cylinder as monomer number 1
is tethered at the axis of the cylinder for the bacteria C.
crescentus at one end of the cylinder. For the bacteria
E. coli, where the ori is not tethered at the boundary of
the cylinder, we define the three regions from the center
of mass of radial components (x and y). We then cal-
culate the probability of radial component of the CM of
the segments to be found in the inner, middle and outer
region. Then we average the probability over 12 indepen-
dent runs starting from the 12 different initial conditions.
It is shown as the colormap in Fig. 10(b) and (d). The x-
axis shows the segment index and the y-axis correspond
to the three regions inner, middle and outer. The color
shows the probability of a segment to be found in the
three regions.
The positional colormaps, the longitudinal and radial
distribution of the polymer segments give the overall 3D
organization of the model chromosome. In our previous
work, we observed that for the model chromosome of bac-
teria E. coli the polymer segments with highly expressed
genes were found in the outer region of the globule with
high probability.
10
Segment index [i]
10 20 30 40 50 60 70 80
Region1
Region2
Region3
Region4
Region5
Region6
Region7
Region8
Region9
Region10
[ a ]
0
0.2
0.4
0.6
0.8
1
Segment index [i]
10 20 30 40 50 60 70 80
inner
middle
outer
[ b ]
0
0.2
0.4
0.6
0.8
1
Segment index [i]
10 20 30 40 50 60 70 80
R4
R3
R2
R1
R1
R2
R3
R4
[ c ]
0
0.2
0.4
0.6
0.8
1
Segment index [i]
10 20 30 40 50 60 70 80
inner
middle
outer
[ d ]
0
0.2
0.4
0.6
0.8
1
FIG. 10. The colormaps (a),(c) show the longitudinal and (b), (d) the radial distributions of the positions of the center of
mass of different segments for model chromosome of bacteria C. crescentus and E. coli, respectively. The color bar denotes
the probability to find a segment in a particular region. Refer text for description of how the different regions are specified.
In essence, this figure gives our prediction of the 3D organization of the different segments of the DNA-polymer within the
cylinder for both the bacteria C. crescentus and E. coli using the thesis that few CLs at specific positions along the chain
contour, effective attraction between the monomers and confinement effects are enough to organize the bacterial chromosome
in the space within the cell.
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Here also, we check that the chromosome segments of
bacteria E. coli which consist of highly expressed genes
are found in the middle and outer regions, and they have
a very less or zero probability to be found in the inner
region. Hence, our results are also consistent with our
previous prediction of the organization of the chromo-
some without confinement.
We also present the snapshots from the simulations in
the Fig. 11 for the model chromosomes of bacteria C.
crescentus and E. coli. The monomers are colored from
blue to red according to their positions along the chain
contour. For the model chromosome of E. coli where
the first monomer is not tethered to the boundary of the
cylinder, the polymer occupies the center of the cylinder
whereas for the chromosome of C. crescentus we see that
most of the monomers occupy the center of the cylin-
der while the first monomer is tethered at the boundary
of the cylinder. We also mark the positions of the CL
monomers with black color. From the snapshots, we can
confirm that the CLs are clustered in space for both the
model chromosomes. In this study, we took a larger as-
pect ratio (1 : 7.5) of the cylinder compared to the aspect
ratio (≈ 1 : 5 as used by other researchers for their studies
[1, 20]. Even though we use a longer cylinder (of length
108a and rather than the expected 70a for a cylinder ra-
dius of 14a), we observe that the polymer is collapsed
in the cylinder, and the monomer density is zero beyond
75a. For C. crescentus, the ori is fixed at one end of the
cylinder, whereas the ori for E. coli is at the center of
the coil. The special position of the C. crescentus ori
contributes to the presence of the diagonal seen in the
contact map for C. crescentus. The consistency of the
E. coli organization with our previous results means that
the gene-dense regions and the active regions are found
on the peripheral of the chromosome, as was pointed out
earlier in [10]. This is expected to have important bio-
logical consequences.
In our studies, we have considered the cross-linked
monomers to be at fixed positions along the contour of
the polymer. We note that other studies [6, 29, 30] con-
sider the binders (cross-links) between different segments
of the chain to have the ability to diffuse around as is
known to be the case experimentally. But we have con-
sidered only 33 (&38) effective cross-links in a 4 (&4.6)
million base pair DNA chain, modeled with 4 (and 4.6)
thousand beads in a bead-spring polymer model. Other
than the ones we have considered, there can be other
binding proteins which can diffuse around and play a
role in the local and more detailed organization. Sec-
ondly, even if the position of the cross-links in our study
moves by ]few (4 or 5) monomers on either side of its
present position, the obtained organization cannot be sig-
nificantly different, within the statistical fluctuations. As
each monomer represents 1000 base pairs, a variation of
the position of the cross-link over 8 monomers represents
a diffusion of the DNA-binding protein along the contour
over ≈ 8 kilo base pairs.
FIG. 11. The snapshots from the simulation for the model
chromosome of bacteria C. crescentus and E. coli. The posi-
tions of CLs are represented by the black points.
IV. DISCUSSIONS
We showed the organization of bacterial DNA-
polymers in cylindrical confinement and in the pres-
ence of optimally chosen weak attraction between the
monomers with the different number of cross-links at
specific positions along the chain contour. These spe-
cific cross-links are taken from the contact maps of bac-
terial DNA. In our previous studies, we had shown that
in the absence of confinement and molecular crowders, we
were able to get the structure of the DNA-polymer with
159&153 cross-links (82&60 effective cross-links) [10, 11]
for E. coli & C. crescentus, respectively. In this study,
we show that we get the organization of the DNA poly-
mer with only 38&33 effective cross-links, respectively,
for both the bacterial chromosomes when we incorpo-
rate the effects of molecular crowders, ability to release
topological constraints and confinement. So, in effect, we
show that the very few specific cross-links, confinement
and the effect of molecular crowders play the pivotal roles
for the polymer to acquire a particular organization. The
Pearson correlation on comparing positional-correlation
contact-maps from independent MC runs (starting from
the independent initial conditions) are = 0.7 for C. cres-
centus and 0.75 for E. coli. The ability to release topo-
logical constraints also plays a crucial role in the organi-
zation the DNA polymer.
We obtain a better agreement of our predicted organi-
zation with the coarse-grained experimental contact map
of C. crescentus, viz., the pixels along the secondary di-
agonal of the positional correlation colormaps which were
absent in our previous studies [10] are now present for the
polymer in the presence of BC
′
set of cross links, con-
finement and crowders. The organization of the chromo-
some of E. coli in the presence of these added effects are
consistent with our previous prediction of the organiza-
tion of the chromosome, which in turn was in agreement
with the coarse-grained experimental contact map for E.
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coli. But, now we can predict the approximate positions
of the center of mass of different polymer segments each
consisting of 50&58 monomers (50&58 kilo base pairs) for
C. crescentus and E. coli, respectively, in the 3D space
within the cylinder. We hope that our prediction can be
validated in the future experiments.
In our prediction of the 3D organization, we do not pin-
point the exact position of a segment within the cylin-
drical cell. But, our predictions of the 3D organization
of DNA polymer lists the segments which are likely to be
found in the peripheral regions with higher probability or
the segments which are likely to be found in the central
core region. Moreover, for C. crescentus, we predict the
relative distance from the ori which is fixed at one end
of the cell. However, for E. coli, we measure the distance
from the center of the coil (center of mass), and from the
data, we can experimentally validate which segments are
likely to be opposite each other in space along the axis.
We further observe in our simulations that the CLs are
clustered at the center of the cylinder and the coil, this
is consistent with the prevalent understanding that DNA
organization at large length scales in bacteria is seen by
formation of long loops ”emanating” out from clusters of
DNA-binding proteins [31].
We were pleasantly surprised that relatively very few
cross-links can organize a long ring polymer. Of course
for DNA, at smaller length scales Nucleoid associated
proteins (NAP) is expected to play a role in locally com-
pacting the DNA-chain at the scale of ≈ 150 base pairs
or around 20− 30 nm. We believe our model much sim-
pler than other present models which optimize multiple
parameters to predict the contact map. The only param-
eter we have optimized in our the preceding manuscript
and used here is the weak attraction ǫ = 0.3kBT , which
accounts for the role of crowders and the ability of the
chains to cross themselves.
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Supplementary Materials
VI. LIST OF CROSS-LINKED MONOMERS IN
OUR SIMULATIONS.
In the following table, we list the monomers which are
cross-linked to model the constraints for the DNA of bac-
teria C. crescentus and E. coli for the BC
′
CLs set.
This table has been generated by analysis of raw data
obtained from C. Cagliero et. al., Nucleic Acids Res,
41, 6058-6071 (2013) and Tung B. et. al., Science, 342,
731-734 (2013).
- BC
′
(C. crescentus) BC
′
(E. coli)
Serial Monomer Monomer Monomer Monomer
no. index-1 index-2 index-1 index-2
1 1 4017 1 4642
2 289 1985 16 2515
3 289 1986 17 2516
4 290 1987 20 1051
5 290 1987 21 1050
6 468 564 21 3584
7 469 565 224 2731
8 470 566 224 4209
9 470 567 225 2730
10 471 567 225 2731
11 541 2494 226 2729
12 541 2907 226 2730
13 541 2957 226 3428
14 541 2958 227 2728
15 641 683 227 2729
16 693 2875 228 2727
17 693 2876 228 2728
18 693 2945 229 2727
19 694 2876 229 4213
20 710 1890 229 4214
21 710 3145 271 4509
22 733 1890 272 4508
23 847 3912 274 1301
24 1032 1437 275 1300
25 1032 3580 280 1050
26 1032 3850 280 1051
27 1032 3851 291 1051
28 1033 3579 316 392
29 1033 3850 316 393
30 1057 3331 317 392
31 1261 2613 317 1095
32 1369 2250 317 2172
33 1370 1393 382 1469
34 1370 2249 383 1469
35 1370 2250 393 567
36 1393 3119 526 1529
37 1398 3455 527 1529
38 1399 3454 527 1530
39 1399 3455 575 1301
40 1421 1657 609 2515
41 1437 3579 688 1301
42 1437 3580 730 3763
43 2249 2803 731 3764
44 2250 2804 732 3765
45 2303 3240 733 735
46 2493 2907 733 3765
47 2494 2906 733 3766
48 2494 2906 735 3766
49 2581 2583 1208 1210
50 2581 2584 1269 1271
51 2582 2584 1301 3132
52 2803 3119 1433 1635
53 2837 3767 1434 1634
54 2838 3768 1435 1633
55 2839 3769 1470 2998
56 2842 3772 1470 3186
57 2875 2945 1470 4509
58 2875 2946 1533 3626
59 3348 3377 1571 3667
60 3579 3850 1572 3667
61 - - 1572 3668
62 - - 2728 3945
63 - - 2729 3945
64 - - 2729 4038
65 - - 2730 3943
66 - - 3427 4038
67 - - 3429 3942
68 - - 3471 4177
69 - - 3472 4176
70 - - 3620 3763
71 - - 3620 3764
72 - - 3621 3764
73 - - 3622 3765
74 - - 3622 3766
75 - - 3623 3766
76 - - 3623 3768
77 - - 3944 4210
TABLE S1: The table shows the list of pair of monomers which con-
stitute the CLs for E. coli and C. crescentus corresponding to the BC
′
CL sets mentioned in the main paper. These CLs are used as an input
to our simulation by constraining these monomers to be at a distance a
from each other. The first monomer with label 1 and the last monomer
labeled 4642 (or 4017) are linked together because the bacterial DNA is
a ring polymer.
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FIG. S1. The figure show the coarse-grained experimental
contact maps of bacteria C. crescentus and E. coli. The x-
axis and y-axis represent the segment index numbered 1, 2...80
and the color represents the probability of the two segments
to be found close to each other in Hi-C experiments. The
graph has been taken from the supplementary materials of
the paper T. Agarwal et. al., Europhysics letters, 121, 18004
(2018) with the permission from the publisher.
